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Abstract
Responses of species to disturbances give insights into how species might respond to future wetland changes.
In this study, species of monsoonal wetlands belonging to various functional types (graminoid and non-
graminoid emergents, submersed aquatic, floating-leaved aquatic) varied in their growth responses to water
depth and harvesting. We tested the effects of water depth (moist soil and flooded) and clipping (unclipped
and clipped) on the biomass and longevity of twenty-three dominant plant species of monsoonal wetlands in
the Keoladeo National Park, India in a controlled experiment. With respect to total biomass and survival, six
species responded positively to flooding and twelve species responded negatively to clipping. Responses to
flooding and clipping, however, sometimes interacted. Individualistic responses of species to water levels and
clipping regimes were apparent; species within a functional group did not always respond similarly. Therefore,
detailed information on the individualistic responses of species may be needed to predict the vegetation
composition of post-disturbance wetlands. In particular, as demands for fresh water increase around the
world, studies of life history constraints and responses to hydrological changes will aid wetland managers in
developing strategies to conserve biodiversity.
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a b s t r a c t
Responses of species to disturbances give insights into how species might respond to future wetland
changes. In this study, species of monsoonal wetlands belonging to various functional types (graminoid
and non-graminoid emergents, submersed aquatic, ﬂoating-leaved aquatic) varied in their growth
responses to water depth and harvesting. We tested the effects of water depth (moist soil and ﬂooded)
and clipping (unclipped and clipped) on the biomass and longevity of twenty-three dominant plant
species of monsoonal wetlands in the Keoladeo National Park, India in a controlled experiment. With
respect to total biomass and survival, six species responded positively to ﬂooding and twelve species
responded negatively to clipping. Responses to ﬂooding and clipping, however, sometimes interacted.
Individualistic responses of species to water levels and clipping regimes were apparent; species within a
functional group did not always respond similarly. Therefore, detailed information on the individualistic
responses of species may be needed to predict the vegetation composition of post-disturbance wetlands.
In particular, as demands for fresh water increase around the world, studies of life history constraints
and responses to hydrological changes will aid wetland managers in developing strategies to conserve
biodiversity.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Disturbances such as vegetation harvesting by farmers, grazing
by domestic livestock, and seasonalwater ﬂuctuations play amajor
role in regulating plant species diversity in tropical seasonal wet-
lands (Osland et al., 2011). Thus, an understanding of the responses
of wetland species to water regimes, and to harvesting/grazing
can provide insights into the maintenance of biodiversity in mon-
soonal wetlands, which in recent years have been affected by both
(Middleton, 1999a). In droughts, species can only survive if they
can tolerate or exploit altered seasonal/inter-annual water level
ﬂuctuations and harvesting/grazing pressure (Bond et al., 2008).
Severe supra-seasonal droughts can eliminate species lacking traits
that allow them to survive prolonged drawdown (e.g., terrestrial
forms or long-lived seed; Bond et al., 2008). At the same time, sub-
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mersed species with high root growth rates may be able to recover
quickly fromsuch stresses, in contrast to species lacking these traits
(Engelhardt, 2006). In particular, as wetlands become increasingly
subjected to land-use and climate change (Bates et al., 2008), an
understanding of how aquatic species respond to and cope with
disturbances can help us better predict the impacts of these distur-
bances and even what will be required to restore these wetlands.
Species of monsoonal wetlands are well adapted to seasonal
water level ﬂuctuation, with certain species dominating dur-
ing summer drawdowns and others after post-monsoon ﬂooding
(Finlayson, 2005; Hejny´ et al., 1998; Middleton, 1999a, 2009).
Seasonal and long-term water level ﬂuctuations help to main-
tain spatial and temporal heterogeneity of wetland zones (Kveˇt
et al., 1988; van der Valk et al., 2015), and thus the high biodi-
versity of many wetland types including arid Australian wetlands,
prairie glacialmarshes, and Indianmonsoonalwetlands (Finlayson,
2005; van der Valk and Davis, 1978; Middleton, 1999a,b, respec-
tively).
Despite their adaptations to disturbances, current levels of land-
use change may be overwhelming Indian wetland species’ abilities
to persist, which could lead to permanent compositional changes
in these wetlands. Along the Brahmaputra–Ganges–Meghna and
http://dx.doi.org/10.1016/j.aquabot.2015.06.004
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Indus River in India, ﬂoodplain wetlands receive less water as
impoundments store water upstream for human usage. These
activities may increase with climate change (Chauhan and Gopal,
2005), which has been linked to increased variability in monsoon
precipitation, i.e., both longer droughts and larger ﬂoods (Mani
et al., 2009). In addition, anthropogenic changes to river ﬂoodplains
could alter their seasonal water-level ﬂuctuations by impounding
wetlands during the dry season, drying them during the wet sea-
son, or altering inter-annual patterns of drought (Bond et al., 2008).
Virtually all of the original wetlands in this region have been lost
due to conversion for agricultural and other development activities
(Scott, 1993).
As predicted by the Intermediate disturbance hypothesis, mod-
erate levels of grazing or cutting in wetland ecosystems can reduce
the growth of dominant species and increase biodiversity by pro-
viding opportunities for sub-dominant species to grow (Middleton,
2013). Without some level of grazing or cutting, biodiversity may
decline in many types of wetlands (Osland et al., 2011; Wesche
et al., 2012; Middleton, 2013). For example, cutting of the above-
ground portions of emergent species can cause a reduction in
oxygen levels in the roots, an effect that is particularly pronounced
in deep water, which can lead to the death of individuals of
some species (Mathis and Middleton, 1999). Grazing and ﬂooding
together may affect the growth of individuals more than expo-
sure to only one of these factors (Oesterheld and McNaughton,
1991). Reduced growth and mortality due to only cutting/grazing
can occur inwetland species undergoing severe continuous grazing
(Middleton et al., 1991), even though, terrestrial grassland species
tend to tolerate moderate levels of grazing (Hickman et al., 2004).
Drier conditions with accompanying lower water levels can result
in overgrazing in semi-arid ecosystems (Fisher et al., 2004). The
main underlying reason for survival after cutting may be whether
or not cut individuals are able to reallocate resources from roots to
shoots as basedon theamountof stored carbon in the roots (Del-Val
and Crawley, 2005).
TheKeoladeoNational Parkhasundergoneanumberofdifferent
water and grazing management strategies in past decades. Cattle
grazing and harvesting of grasses were common in the Keoladeo
National Park during the 1980s (Middleton et al., 1991), and in
other wetlands in north-central India (Chauhan and Gopal, 2005;
Middleton, 2013). Water discharge to the Keoladeo National Park
(Fig. 1) has been decreasing since the early 1990s (Fig. 1) so that
concerns have been raised about the drying of these wetlands
(Sebastion, 2012). Nevertheless, a counter-trend has developed in
recent years in Asia, so that wetland restoration programs have
emerged, particularly to create wildlife corridors and recreational
parks (Wang et al., 2013).
Many attempts have been made to group wetland species into
various kinds of growth or life form groups (see Hutchinson, 1975,
pp. 118–132), and to review classiﬁcations of wetland species
by their morphological characteristics and functional groups (see
Casanova and Brock, 2000 and Boutin and Keddy, 1993). Casanova
and Brock (2000) classiﬁed wetland species based on their hydro-
logical tolerances (submersed, amphibious ﬂuctuations tolerators,
amphibious ﬂuctuations responders, etc.) while Boutin and Keddy
(1993) recognized seven guilds (functionally similar species) based
on their growth characteristics (e.g., ruderals,matrix species, inter-
stitial).Wehaveadopteda classiﬁcationof thewetlandmacrophyte
species of the Keoladeo National Park following Hutchinson (1975)
and Rejmánková (2011) based primarily on their morphologi-
cal characteristics. These macrophyte types include free-ﬂoating,
ﬂoating-leaved, and emergents, with emergents further differenti-
ated as creeping emergents, and erect emergents (graminoid and
non-graminoid). Aswith other attempts to group species into func-
tional types, it is assumed that all the species of a certain type
will respond in a similar way to disturbances (Hutchinson, 1975;
Casanova and Brock, 2000). If this were true, it would greatly sim-
plify predicting the composition of post-disturbance vegetation.
The objective of this study was to determine if the responses
of these wetland species to disturbances were consistent within
their functional type. Speciﬁcally, we examined the responses of
all the dominant wetland species in an Indian monsoonal wetland
in the Keoladeo National Park, Rajasthan during the 1980s, to two
differentwater (saturated soil andﬂooded) and clipping (unclipped
and clipped) regimes. We hypothesized that the responses of the
species in each functional type would be similar e.g., submersed
specieswould die or have lower biomasswhen clippedundermoist
conditions.
2. Materials and methods
2.1. Study site description
Keoladeo National Park is a 29km2 monsoonal wetland com-
plex of seasonally and temporarily ﬂooded grassland and thorn
woodland in the ﬂoodplain of the Gambhir and Banganga Rivers
(27◦13′N, 77◦32′E; Fig. 1; Middleton et al., 1991). The climate
is semi-arid and characterized by three seasons including a dry
summer from March–June (mean maximum to minimum tem-
peratures: 41–28 ◦C), monsoon from July–September, and winter
from October–February with low temperatures above 0 ◦C (mean
maximum to low minimum temperatures: 19–6 ◦C; Chauhan and
Gopal, 2005). Before 1990, Parkwetlands ﬁlledwithwater depend-
ing on the amount of monsoon rain and river water discharge
(Fig. 2), stayed ﬂooded to varying extents during the cool win-
ter season, and then rapidly dried during the hot summer season
(Middleton et al., 1991). Mean annual precipitation in this region
is quite variable from year to year (Irrigation Department, Bharat-
pur, Rajasthan; Fig. 2), averaging about 69 cm year−1; the majority
of annual rainfall falls during the summer monsoon season (96%
during June–September; Koteswaram, 1978). Rainfall may be less
predictable in this region because of atmospheric warming in
recent decades (Mani et al., 2009). Perhaps a more important fac-
tor in water supply for the Keoladeo National Park is that demands
for water have been increasing in north-central India (Chauhan
and Gopal, 2005), so that discharge into Park has been decreasing
(Fig. 2).
Floating marsh characterized the deepest zones of the Park
wetlands during the 1980s and included submersed species such
as Hydrilla verticillata, ﬂoating-leaved species such as Nymphoides
cristatum and grasses such as Paspalum distichum, all species with
very low root biomasses (van der Valk et al., 1993). Shallower
seasonally ﬂooded zones were dominated by graminoids such as
Cynodon dactylon, P. distichum, and Scirpus tuberosus. Drier grass-
land and woodland were dominated by Acacia nilotica and Vetiveria
zizanioides (van der Valk et al., 1993). Although, water buffalo graz-
ing stopped after the designation of the national park in 1981, feral
cattle grazing and hand-cutting of vegetation were common after
this time (Middleton et al., 1991).
In recent years, after a number of dry years following upstream
diversion of river water and drought, the Park reﬂooded via pre-
cipitation in 2008. To restore seasonal winter ﬂooding, water was
diverted to the Park via the Govardhan drain pipeline in 2012, so
that longer term seasonal ﬂooding may become more common in
the future (Sebastian, 2012).
2.2. Experimental design of water depth-clipping study
Twenty individuals of each species were established in October
1986 from root or rhizome cuttings in cylindrical clay pots (12 cm
circumference by 25 cm depth) ﬁlled with clay soils from the
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Fig. 1. Keoladeo National Park, Bharatpur, Rajasthan, India. Letters designate “blocks”, which are used as a location designator in India. Modiﬁed from Hockings and Mathur
(2003).
Fig. 2. Annual ﬂuctuation before and after major river water diversion activities (∼1990) in (A) water discharge (mean m3 per season) released into the Keoladeo National
Park from Ajunbund (temporary reservoir) after the monsoon (September–February) via Ghana Canal on the Gambhir river and in (B) regional annual mean precipitation
(mm). Linear regression lines indicate time trends in discharge: 1965–1989: y=34.3–0.01x, R2 = <0.01, p=0.9289; 1990–2008: y=1255.4–0.62x, R2 = 0.40, p=0.0035; and in
precipitation: 1971–1989: y=28,428.7–14.1x, R2 = 0.17, p=0.0822; 1990–2008: y=6083.4–2.73x, R2 = <0.01, p=0.7542. Data are given by monsoonal year (July–September)
from Bharatpur and Rajasthan, which is directly adjacent to the Park (Irrigation Department, Bharatpur, Rajasthan India).
wetland. Plants were grown in well watered conditions for two
months before beginning the experiment in an experimental
pond within the forest nursery of the Keoladeo National Park.
The twenty-three species used in the experiment were all of
the dominant herbaceous and graminoid species present in the
Park in the 1980s have been classiﬁed into four functional types:
graminoid emergent (C. dactylon, Cyperus alopecuroides, Cyperus
bulbosus, Desmostachya bipinnata, Eleocharis palustris, Oryza sativa,
Panicum paludosum, Paspalidium punctatum, P. distichum, Sporobo-
lus helvolus, Scirpus littoralis, S. tuberosus, and Vetiveria zizanioides),
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non-graminoid emergent/creeping emergent (Ipomoea aquatica,
Typha angustata, Hemiadelphus polysperma), submersed aquatic
(Hydrilla verticillata, Potamogeton crispus, Potamogeton indicus,
Vallisneria spiralis), and ﬂoating-leaved/free-ﬂoating species (N.
cristata,Nymphoides indica,Eichhornia crassipes). Nomenclature fol-
lows EFloras.org, 2014 and Prasad et al., 1998. Voucher specimens
are stored in the herbarium of Iowa State University.
This study was a 2×2 factorial experiment with two water
regime treatments including saturated (wellwatered, but no stand-
ing water over soil) or inundated (to 12 cm depth) and two clipping
treatments including unclipped and clipped bi-weekly to the sur-
face of the soil (above the apical meristem of the plant). Water
regimes were maintained by lowering the pot into the experimen-
tal pond so that the soil in the potwas either 3 cmemerged or 12 cm
submerged in the water (saturated vs. ﬂooded treatment, respec-
tively). There were ﬁve replicates of every treatment combination
(water regime× clipping treatment) for each species (20 pots of
each species, 460 total individuals), which were arranged within
the experimental pond, and the experiment run from December
1986–February 1987.
Heights were measured, numbers of leaves counted, and ﬂow-
ering noted of all culms in the pots every twoweeks. Any individual
that appeared to have died was monitored for new growth during
the experiment, and the time of death assessed at the end of the
experiment by examining shoot and root integrity (i.e., solid plant
material was alive vs. soft was decomposing and not alive). Roots
and leaves were placed in a drying oven at 70 ◦C for several days
until completely dry and then weighed.
2.3. Data analysis
Measured plant responses to water regime and clipping
included the relative percent survival time i.e., the number of days
an individual survived divided by the total number of days in the
experiment expressed as a percent. Total stem length per pot was
assessed as the accumulated total length of stems including the
cumulative length of clippings during the experiment. Total num-
ber of leaves was the total number of leaves accumulated by the
plant during the experiment. Total shoot biomass was the biomass
of the ﬁnal shoot material plus accumulated clippings. Final root
biomass was the weight of below-ground portions (roots and rhi-
zomes) at the end of the experiment. Total biomass was the total
above and below-ground biomass. In addition, root to shoot ratio
(Kveˇt et al., 1988) was calculated for each individual in the experi-
ment by dividing total root biomass by total shoot biomass. This
method of calculating root to shoot ratio had a shortcoming, in
that the roots and shoots were not directly comparable; total shoot
biomass included the accumulated cuttings from the experimen-
tal treatments, while the root biomass was based only on the ﬁnal
weight of below-ground materials. For percent survival, accumu-
lated total length of shoots, and total biomass (weight), differences
in the responses of inundated vs. saturated individuals were eval-
uated by dividing the mean of inundated individuals by the mean
of saturated individuals (inundated treatment). Differences in the
responses of clipped vs. unclipped individuals were evaluated in a
similar fashion.
Plant species responses to water regime and clipping were
tested using three-way ANOVA using the main effects of species,
water regime, clipping level and their interactions. Data were
appropriately transformed to meet assumptions of ANOVA. One
degree-of-freedom contrasts were made on mean comparisons
of interest as based on signiﬁcant interactions of species×water
regime× clipping interactions. All statistical analyses were con-
ducted using JMP SAS (2012).
3. Results
3.1. General ﬁndings
Table1 summarizes theoverall results of our studyand indicates
whether cutting/grazing or water regime had a signiﬁcant impact
on the longevity or biomass of each species. Of the twenty-three
species, clipping had a major impact on ten species (43%), water
regime (grow better when ﬂooded) on six species (26%), and both
clipping and water regime on six species (26%). Other species (43%)
were not signiﬁcantly affected by either clipping or water regime.
3.2. Graminoid emergent macrophyte
Percent survival time of eight graminoid emergents did not
differ signiﬁcantly in the water and/or cutting treatments (per-
cent survival time: 0.86–1.0; Table 1); these species included C.
dactylon, C. bulbosus, E. palustris, O. ruﬁpogon, P. distichum, S. helvo-
lus, and V. zizanioides, (p>0.05; Tables 1 and 2; Appendix 1A).
Differences in percent survival time between inundated and sat-
urated treatments were variable with P. punctatum in inundated
treatments having shorter percent survival times than in satu-
rated treatments (p<0.0001; Fig. 3A(i); Appendix 1A). S. tuberosus
had shorter percent survival times when clipped under saturated
rather than inundated treatments (percent survival time: 0.10 vs.
0.89, respectively; p<0.05); others under inundated treatments (C.
alopecuroides and P. paludosum; p<0.0001). Desmostachya bipin-
nata and S. littoralis had much shorter percent survival times when
clipped under either saturated or inundated treatments (p<0.05;
Fig. 3B(i), Tables 1 and 2; Appendix 1A).
Accumulated shoot length and leaf numbers differed for some
graminoid emergents in response to cutting and water regime
(Table 2). Many species had large differences in accumulated stem
length of individuals in both inundated and clipped treatments
(Table 2). Species responses to clipping treatments varied with
water depth (i.e., interactions; Table 2) for above-ground biomass
(total accumulated biomass of stems and leaves during experi-
ment) and below-ground biomass. Total biomass (total above- and
below-ground biomass) of seven graminoid emergents was unaf-
fected by clipping and water regime (C. bulbosus, E. palustris, O.
ruﬁpogon, P. punctatum, P. distichum, S. helvolus, and V. zizanioides
(p>0.05; Tables 1 and 2). Differences in total weight (biomass)
were proportionally less in inundated than saturated treatments
for some species including C. dactylon, P. paludosum, and S. helvo-
lus with lower total weight in inundated treatments, but these
species also had lower biomass when clipped in saturated condi-
tions (Fig. 3A(iii) and B(iii); Tables 1 and 2). C. alopecuroides and D.
bipinnata had lower total biomass when clipped in the inundated
treatment (p<0.05; Tables 1 and 2). Only P. paludosum ﬂowered
when clipped during the study (Table 1).
Root to shoot ratio was affected by either water regime or
clipping for four of the graminoid emergents (p<0.05; Table 2);
however,O. ruﬁpogon and S. littoralis had higher root to shoot ratios
in the inundated treatment (120.0±11.0 vs. 29.5±4.9, respec-
tively; t=9.4, p<0.0001) while S. tuberosus had a higher root to
shoot ratio when clipped in the saturated treatment (root to shoot
ratio: 26.7±4.9 vs. 1.6±4.9, t=3.6, p=0.0003). Scirpus littoralis had
ahigher root to shoot ratio if not clipped in the inundated treatment
(root to shoot ratio: 29.5±4.9 vs. 1.2±4.9, respectively; t=4.1,
p<0.0001).
3.3. Non-graminoid emergent macrophytes
During the study, percent survival time of the non−graminoid
emergent T. angustata did not differ signiﬁcantly in water and/or
cutting treatments (p>0.05; Fig. 4A(i) and B(i); Tables 1 and 2;
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Table 1
Species response (positive = +; negative =−; and unaffected=0) of biomass (B) and percent survival time (S) to clipping and ﬂooding treatments and interactions.
Species Functional type Clipping B/S Flooding B/S Interaction B/S Flowering Major impact(s)
Hydrilla verticillata S 0/− 0/0 0/−* i, u Cutting
Potamogeton crispus* S −/− +/0 −/−* Cutting/drought
Potamogeton indicus S 0/0 0/+ 0/0 Drought
Vallisneria spiralis S 0/+ 0/+ 0/− i, u Drought
Ipomoea aquatica Non-GE 0/− 0/+ 0/0 Cutting/drought
Nymphoides cristatum FL 0/0 +/+ 0/0 i,c & m,u Drought
Nymphoides indica FL −/− +/+ −/− Cutting/drought
Eichhornia crassipes FF 0/0 0/0 0/0
Typha angustata Non-GE 0/0 0/0 0/0
Hemiadelphus polysperma C 0/0 0/0 0/0 m,c & m,u
Cynodon dactylon G −/0 −/0 −*/0 Cutting/ﬂooding
Cyperus alopecuroides G −/0 0/0 −/− Cutting
Cyperus bulbosus G 0/0 0/0 0/0
Desmostachya bipinnata G −/− 0/0 −/0 Cutting
Eleocharis palustris G 0/0 0/0 0/0
Oryza sativa G 0/0 0/0 0/0
Panicum paludosum G −/− −/0 −*/−* m,c Cutting/ﬂooding
Paspalidium punctatum G 0/0 0/0 0/0
Paspalum distichum G 0/0 0/0 0/0
Scirpus littoralis G 0/− 0/0 0/0 Cutting
Scirpus tuberosus G −/− −/0 −*/−* Cutting/ﬂooding
Sporobolus helvolus G 0/0 0/0 0/0
Vetiveria zizaniodes G 0/0 0/0 0/0
A score of −* indicates that a negative interaction occurred in the saturated soil treatment. Flowering occurred in saturated (m), inundated (i), unclipped (u), or clipped (c)
conditions. In assessing the major stressor (cutting, ﬂooding or drought), its impact on longevity is primarily considered. Macrophyte species are grouped by life form (S –
submersed; FL – ﬂoating leaved; FF – free ﬂoating; E – emergent; C – creeping emergent; Non-GE – non-graminoid emergent; G – graminoid emergent). These summary
responses are based on multiple comparisons based on signiﬁcant main effects and interactions in the ANOVA (Table 2).
Fig. 3. Responses of graminoid emergent species to experimental treatments for: (A) water regime (saturated vs. ﬂooded), and (B) clipping (clipped vs. not clipped), with
differences expressed as ratios of control vs. treated responses as (i) % survival, (ii) total accumulated stem length, and (iii) total mass. As an example for comparing the
control vs. treated response to water regime, differences in % survival were calculated as the ratio of a species’ mean survival in unﬂooded vs. ﬂooded treatments.
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Fig. 4. Responses of non-graminoid/creeping emergent species to experimental treatments for: (A) water regime (saturated vs. ﬂooded), and (B) clipping (clipped vs. not
clipped), with differences expressed as ratios of control vs. treated responses as (i) % survival, (ii) total accumulated stem length, and (iii) total mass.
Appendix 1B), while I. aquatica was negatively affected by satu-
rated soil and/or cutting treatments (p<0.05; Fig. 4A(i) and B(i);
Tables 1 and 2; Appendix 1B). Hemiadelphus polysperma (creep-
ing emergent macrophyte) was unaffected by water and/or cutting
treatment including percent survival time, total stem length, stem
biomass, root biomass and total biomass (p>0.05; Fig. 4A and B;
Table 1; Appendix 1B and D and Appendix 2 B, D and F), except
that this creeping emergent had more leaves in clipped treatments
(p<0.05; Appendix 1F). H. polysperma ﬂowered in all treatments
during the study but the other two non-graminoid emergents
did not (Table 1). Total biomass (total above-and below-ground
biomass) of I. aquaticawas unaffected by cutting and water regime,
but forT. angustatawashigher in saturatedsoil treatments (p>0.05;
Fig. 4A(iii) and B(iii); Tables 1 and 2). Root to shoot ratios of these
two non-graminoid emergent were not affected by water and/or
cutting treatments (p>0.05).Note thatH. polyspermahadnegligible
root biomass.
3.4. Submersed macrophyte
Two of the submersed aquatic species had longer percent sur-
vival times under inundated conditions including P. indicus and V.
spiralis (p<0.05), althoughH. verticillata and P. crispus did not differ
in inundated versus saturated treatments (p>0.05; Tables 1 and 2;
Fig. 5A(i); Appendix 1B). H. verticillata and P. crispus had longer
percent survival time in unclipped treatments in moist conditions
(p<0.05; Fig. 5B(i); Tables 1 and 2; Appendix 1B). Total biomass
(total above- and below-ground biomass) of H. verticillata, P. indi-
cus, and V. spiralis were unaffected by cutting and water regime
(Fig. 5A(iii) and B(iii) Tables 1 and 2; Appendix 2F), while for P.
crispus in inundated, unclipped treatments both total accumulated
stem length and total biomass were higher (Fig. 5A(ii) and B(ii),
respectively; Table 2; Appendix 1D and 2F). Both H. verticillata and
V. spiralisonlyﬂowered in inundated, unclipped treatments. Root to
shoot ratios of these submersed aquatics do not warrant discussion
because these species had negligible root biomasses.
3.5. Floating-leaved/freely-ﬂoating macrophyte
Percent survival time of the free-ﬂoating (invasive) aquatic E.
crassipes did not differ signiﬁcantly in the water and/or cutting
treatments (p>0.05; Fig. 6A(i) and B(i); Tables 1 and 2; Appendix
1B). The ﬂoating-leaved aquatic species, N. cristatum had longer
percent survival times under inundated treatments but was not
affected by clipping (p<0.05 and p>0.5, respectively; Fig. 6A(i)
and B(i), Tables 1 and 2; Appendix 1B), while N. indica had shorter
percent survival times when clipped under inundated conditions
(p<0.0001; Fig. 6B(i); Tables 1 and 2; Appendix 1B). N. crista-
tum had higher accumulated stem length in inundated conditions
(p<0.0001; Table 2; Fig. 6A(ii)). N. cristatum and N. indica had
higher total biomass in the inundated and unclipped treatments
(p<0.003; Fig. 6A(iii) and B(iii); Tables 1 and 2). N. cristatum ﬂow-
ered in all treatments (Table 1). N. indica had a higher root to shoot
ratio if clipped in the inundated treatment (root to shoot ratio:
36.9±4.9 vs. 1.9±4.9, respectively; t=5.2, p<0.0001) but not the
other species of this functional type (p>0.05).
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Fig. 5. Responses of submersed species to experimental treatments for: (A) water regime (saturated vs. ﬂooded), and (B) clipping (clipped vs. not clipped), with differences
expressed as ratios of control vs. treated responses as (i) % survival, (ii) total accumulated stem length, and (iii) total mass.
4. Discussion
4.1. Functional group vs. individualistic responses to disturbances
Species within a functional type did not always respond in
a similar way to cutting and ﬂooding. Thus, we must reject our
hypothesis that species with similar morphologies respond simi-
larly to disturbances. Our data indicated that even closely related
species within a functional type responded individualistically to
ﬂooding and/or grazing. For example, we found that N. cristatum
and N. indica differed in percent survival and total biomass after
clipping underwater. These ﬁndings further suggest that N. crista-
tum is much more likely to be resilient to aquatic grazing than
N. indica. Such differences in species’ responses to the mix of dis-
turbances ultimately could affect the species composition of these
wetlands. Based on the propensity of such responses in our study,
we concluded that disturbance responses (sensu Bond et al., 2008)
should be based more on species than functional group response.
Certainly, a better understanding of how each species responds to
various kinds of disturbances is important for effective wetland
management.
The survival or biomass production of about 43% of the species
of all functional groups were unaffected by the clipping or water
regime treatments. Therefore, most of the emergent species in
our study did not ﬁt functional group expectations because these
species performed the same whether clipped or not in saturated
or ﬂooded conditions. These unresponsive species likely have a
high ﬂexibility to water and cutting regime (Table 1). This is an
important ﬁnding for understanding vegetation dynamics because
species that can tolerate a variety of disturbance conditions may
fare best in a future of increased drought, harvesting and grazing
(Table 1). In contrast, other emergent species such as C. dactylon,
C. alopecuroides, D. bipinnata, I. aquatica, P. paludosum, S. tuberosus
and S. littoralis had lower biomass or percent survival time when
clipped (Table 1), so that an increase in harvesting or grazing will
likely reduce their dominance.
The reasons underlying the differences of species’ responses to
cutting and ﬂooding are undoubtedly complex. Englehardt’s (2006)
study predicted that species with high rates of root growth may be
able to recover more quickly from stresses. In contrast, our results
suggest that itmay not be root size,morphology and/or leaf growth
alone that predict the survival of wetland species. For example,
despite root mass, submersed species did not survive well when
they were clipped in conditions with no standing water, which
does not follow Englehardt’s (2006) prediction. More consistent
with our results are other studies, which show widely varying root
biomasses in response to clipping and ﬂooding, even for species
of the same functional type. In other studies, root biomasses of
the emergents Bolboschoenus caldwellii, Phragmites australis and
Schoenoplectus validus did not vary in different water depth and
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Fig. 6. Responses of ﬂoating-leaved/free-ﬂoating species to experimental treatments for: (A) water regime (saturated vs. ﬂooded), and (B) clipping (clipped vs. not clipped),
with differences expressed as ratios of control vs. treated responses as (i) % survival, (ii) total accumulated stem length, and (iii) total mass.
clipping treatments (Hayball and Pearce, 2004), while root biomass
ofEleocharis acutadecreasedat all clipping levels (BlanchandBrock,
1994). In our study, root to shoot ratio generally decreased with
increased water depth, a ﬁnding similar to that of Coops et al.
(1996); nevertheless, the root to shoot ratios of some species in
our study were not affected by either water depth or clipping (e.g.,
T. angustata and I. aquatica).
4.2. Additional work
Among the shortcomings of our work was that our study only
continued for a few months, and it is possible that the responses of
the species would have differed with more intense or longer dura-
tion treatments of cutting and ﬂooding. Nevertheless, studies of
related species seem to show different responses depending on the
situation. For example, in a three month study of Typha in Michi-
gan, T. latifolia and T. angustifoliadiedafter underwater cutting (Sale
andWetzel, 1983). Our studywas of a similar duration to theMichi-
gan study, but T. angustata survivedwhen cut underwater. Clipping
intensity does not explain the differences in results between the
two studies because the individuals in the Sale and Wetzel (1983)
study were cut once per month, while in our study were cut every
two weeks. The differences in Typha responses could be attributed
to species-speciﬁc responses, although other experimental differ-
ences could also be at play. We might have found different species’
responses if our study had been conducted during another season
of the year. Clearly much more research is necessary to determine
how aquatic species respond to disturbances such as cutting and
ﬂooding.
4.3. Implications for management
In monsoonal wetlands in northern India, aquatic species may
be compromised in the future because of longer dry periods with-
out standing water due to both water extraction from rivers (Fig. 2;
Chauhan and Gopal, 2005) and/or climate change (Mani et al.,
2009). While we are not aware of any comprehensive ﬁeld stud-
ies of dried wetlands in northern India, our experimental results
on water depth tolerances were consistent with those of a ﬁeld
study of a newly impounded wetland along the Yamuna River near
New Delhi (Chauhan and Gopal, 2005). They found that popula-
tions of submersed and rooted ﬂoating-leaved species increased in
abundance after impoundment, while less ﬂood tolerant species
decreased in abundance or established at higher elevations. Mon-
soonal wetlands in this region may be more likely to be subjected
to drier conditions in the future, and the varying abilities of these
species to tolerate altered hydrology and cutting will likely be an
important determinant of aquatic community composition. Our
experiments provided some insights into how common wetland
species in north India might respond to long-term changes in
hydrology.
Ultimately, the maintenance of biodiversity during hydrologic
change depends on the nature of surviving seeds and/or propagules
(van der Valk andDavis, 1978;Middleton, 1999; Brock, 2011). After
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1 a prolonged period of little ﬂooding, resistant aquatic species are
often clonal, with roots or rhizomes that can survive desiccation
(Mony et al., 2011). In one study of subalpine wetlands, Carex ros-
trata and Juncus balticus re-colonized from roots and rhizomes after
a drought. Scirpus acutus andNuphar polysepalum did not survive as
roots or rhizomes, so that zones thatwere once dominated by these
species did not re-establish after the drought (Rejmánková et al.,
1999). For species without drought-resistant roots and rhizomes
or effective dispersal mechanisms, long-lived seed banks are espe-
cially important in re-establishment (Middleton, 1999a,b; Brock,
2011).
Droughtoccurred in theKeoladeoNational Parkafter theupriver
diversion of water beginning in the 1990s (Fig. 1). Based on species
responses to ﬂooding in this experiment as well as other stud-
ies (e.g., Finlayson, 2005), ﬂoating leaved and submersed species
may be greatly reduced in abundance or even eliminated as a
consequence of drought (e.g., P. crispus, P. indicus, V. spiralis, I.
aquatica, N. cristatum, and N. indica). Nevertheless, these types of
species generally have long-lived seed banks that could support
their re-establishment after ﬂooded conditions return to the wet-
land (Middleton et al., 1991). Furthermore, our study suggests that
aquatic species with robust roots and propagules in the short-term
and seed banks in the long-term might be used for the restoration
of monsoonal wetlands (Wang et al., 2013).
While certain species are able to survive drought in seed banks,
seed banks are only present if plants can maintain episodes of
active reproduction, and reproduction can be severely affected by
cutting (Middleton, 1999b). In our study, only 3 of the 23 species
(13%) ﬂowered in clipping treatments, suggesting that cutting may
reduce the reproductive output of most of these species (Table 1).
Similarly, a studybyCrosslé andBrock (2002) showed thatmechan-
ical simulation of grazing by clipping could ultimately reduce the
germination of species from the soil seed banks of temporary
wetlands, even though these wetland species are otherwise well
adapted to ﬂuctuating water conditions.
Because future water management and grazing activities will
dictate the nature of biodiversity in the Keoladeo National Park, it
is important to recognize that the species of these wetlands have
differing inherent abilities to survive these disturbances. Recent
hydrologic restorationvia theGovardhandrainprojecthasbegun to
increase ﬂooding in the Keoladeo National Park (Sebastian, 2012),
and monsoonal precipitation levels have been high in recent years
(USDA, 2013). For the immediate future, these conditions can favor
aquatic species in this national park. In the longer term future,
drought or heavy cutting/grazing may cause the loss of species in
such nature preserves. As demands for freshwater increase around
theworldwith predicted climate changes, studies of the life history
constraints of species in future environments are essential in devel-
oping management strategies to avoid species loss in protected
areas.
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